g Densoviruses are parvoviruses that can be lethal for insects of different orders at larval stages. Although the horizontal transmission mechanisms are poorly known, densoviral pathogenesis usually starts with the ingestion of contaminated food by the host. Depending on the virus, this leads to replication restricted to the midgut or excluding it. In both cases the success of infection depends on the virus capacity to enter the intestinal epithelium. Using the Junonia coenia densovirus (JcDNV) as the prototype virus and the lepidopteran host Spodoptera frugiperda as an interaction model, we focused on the early mechanisms of infection during which JcDNV crosses the intestinal epithelium to reach and replicate in underlying target tissues. We studied the kinetics of interaction of JcDNV with the midgut epithelium and the transport mechanisms involved. Using several approaches, in vivo, ex vivo, and in vitro, at molecular and cellular levels, we show that JcDNV is specifically internalized by endocytosis in absorptive cells and then crosses the epithelium by transcytosis. As a consequence, viral entry disturbs the midgut function. Finally, we showed that four mutations on the capsid of JcDNV affect specific recognition by the epithelial cells but not their binding.
D
ensoviruses are small, nonenveloped, single-stranded DNA viruses that are pathogenic for arthropods; their genomic structures and organization place them in the Parvoviridae family. Densoviruses have been found in both aquatic and terrestrial ecosystems. Their distribution among arthropods from shrimp to mosquitoes and their presence in diverse ecological niches and distant geographic areas further argue that they are ubiquitous in the environment, where they may have a strong, although unexplored, impact on host populations. Contrasting with their wide distribution among arthropods, only 33 densovirus genomes have been sequenced so far; they display a wide variety of structures, sequences, and organizations, falling into four genera, Densovirus, Brevivirus, Iteravirus, and Pefudensovirus, according to the International Committee on Taxonomy of Viruses (ICTV) (1) .
The Densovirus genus encompasses so far viruses restricted to insects from the Lepidoptera order. Although transmission is not well characterized, contamination occurs orally, through the fecal-to-oral route, but also by intraspecific predation due the natural aggressive behavior of the caterpillars, a route that could potentially lead to the transmission of large virus populations (2) (D. Mutuel, unpublished data). This cannibalistic feature is shared by several insect species (3) . The viral pathogenesis starts with the ingestion of contaminated food, reaching then the intestinal epithelial cells, where the fate of the viral particles may differ depending on the densovirus; some densoviruses establish the infection only in midgut cells, while others are transported across the midgut without replicating to reach and replicate in the internal target tissues, which differ depending on the tropism of the virus. The pathogenesis of the prototypical densovirus of Junonia coenia (JcDNV) in an opportunistic lepidopteran host, the caterpillar of the highly phytophagous pest Spodoptera frugiperda, has been described previously (2) . Briefly, following ingestion, the 26-nm particles of JcDNV escape the midgut without replicating to spread to subepithelial tissues by two routes: (i) to subepithelial respiratory cells (trachea) and visceral muscles by direct cell-tocell infection and (ii) to hemocytes and the epidermis by systemic infection via the hemocoel.
In any case of densovirus infection, the first interaction with the gut barrier is a crucial process to initiate infection. We recently showed that JcDNV infection of S. frugiperda is mediated by a gut-specific receptor and determined by four amino acids in the 5-fold axis of the virus capsid (4) . However, the very first cellular targets are unknown, and no receptor has been yet characterized for any densovirus.
Crossing a tight epithelial monolayer is crucial for many nonenveloped viruses, although our understanding of the mechanisms involved is limited to mammalian viruses infecting respiratory or intestinal tracts, e.g., adenoviruses, enteroviruses, reoviruses. and parvoviruses (for a review see reference 5). Naked viruses developed several pathways to infect or cross monolayered epithelia, with no correlation between the mechanism and the family (or even the type) of virus. The virus entry into the epithelium usually starts by receptor-mediated endocytosis; viral particles are then transported either by intracellular trafficking through endosomes to their replication compartment (Reoviridae, Adenoviridae) or across the epithelial cell by rapid vesicular transport (transcytosis), a process used by adeno-associated virus (AAV) and poliovirus (6) (7) (8) (9) (10) . The polarized nature of epithelial cells constitutes an additional level of complexity for viral entry, which cannot easily be studied in tissue culture systems. Receptor molecules are not necessarily apically distributed. Rather, they can be sequestered within or beneath the tight junctions, as exemplified by the Reoviridae and Adenoviridae (9, 11, 12) . Reaching these receptors requires highly dynamic reorganization of the cell triggered by the initial virus attachment to apical cell surface molecules (for a review see reference 13) This process often results in the disruption of the tight junctions, thus opening the paracellular pathway and increasing tissue permeability, although no virus passage has been shown to occur through this paracellular route.
Taking into account the organization of the alimentary canal of lepidopteran larvae, once ingested, the naked viral particles must overcome two successive and potentially restrictive barriers. The first is a highly glycosylated membrane, the peritrophic membrane (PM), protecting the midgut cells. Considering the dimension of the densovirus capsid, virions might theoretically diffuse freely through the pores of this relaxed chitinous matrix (14) . The second is the midgut epithelium, a polarized barrier where apical and basolateral membrane domains are separated by septate junctions (SJs), which ensure gate and fence functions. The basal laminae secreted on the basal side of the epithelial cell layer may also provide physical barriers to viruses. Crossing this complex epithelial organization is crucial for the success of infection, and the processes involved have been poorly described for entomopathogenic viruses (for a review see reference 15) .
In this study, we investigated the route by which JcDNV is transported across the intestinal barrier to spread to the internal target tissues of its host. Our results show that infection is initiated by a rapid transcytosis through columnar cells, which allows the viral particles to escape from the midgut and to reach the hemocoelic compartment. The vectorial transport of the virus across the monolayered epithelium rapidly alters the functional and the structural properties of the tissue, although these changes appear not sufficient in the early process to allow the direct permeation of the virus through the paracellular pathway. The rapid transcytosis process would allow the virus to escape elimination by the rapid induction of an antiviral response in the midgut.
MATERIALS AND METHODS
Insect rearing and in vivo infections. Larvae of Spodoptera frugiperda were reared under controlled conditions (25 Ϯ 1°C, 65 to 70% relative humidity [RH], 16-h light, 8-h dark photoperiod) on a wheat germ-based artificial diet. Viral inoculums of wild-type JcDNV (wt-JcDNV) and mutant JcDNV (8m-JcDNV) carrying mutations on the 5-fold axis of the capsid (4) were prepared from infected S. frugiperda larvae and purified as previously described (16) . Viral concentrations were estimated by quantitative PCR (qPCR) as described below. In vivo infections were performed by feeding L2 larvae with a lethal dose triggering 95% mortality (LD 95 ) (10 10 viral equivalent genomes [veg] per larva). The virus titers were determined by the tissue culture assay method (50% tissue culture infective dose [TCID 50 ]) in the permissive Ld652 cells as previously described (17) .
Spodoptera frugiperda midgut primary cultures. Midgut tissues were isolated from S. frugiperda anesthetized larvae just before the 5th molt to isolate stem cells as previously reported (18, 19) . The stem cells collected at the end of the procedure were maintained in a growth medium (for composition see reference 18) supplemented with 60 nM 20-hydroxyecdysone (Sigma) and 100 ng/ml ␣-arylphorin (20) , kindly donated by R. S. Hakim. Amphotericin B (0.5 g/ml) was added to the medium every 3 days to prevent culture contaminations. Cells (0.8 Ϯ 0.2 ϫ 10 4 cells/ml) were grown in suspension in 6-well plates maintained at 25°C to allow stem cell proliferation and differentiation. One milliliter of fresh medium was added once a week. Concerning infections, midgut cells were pelleted by centrifugation at 400 ϫ g for 5 min and resuspended in 100 l of insect physiological solution (IPS; for composition see reference 18). Infections were performed at 25°C or 4°C with 10 10 veg of JcDNV added to the cell suspension for 10 and 30 min.
Midgut isolation and Ussing chamber experiments. Midguts were isolated from larvae in the feeding period of the 6th instar (2 days postmolt). At this stage, the midgut epithelium is large enough to be mounted in Ussing chambers (World Precision Instruments) and studied ex vivo as previously described (4, 21 Viral DNA quantification. To determine the concentration of DNAcontaining particles, we performed qPCR. Total DNA was extracted from the luminal (L), hemolymphatic (HemoL), and epithelial (midgut) compartments with a Wizard genomic DNA purification kit (Promega) as described previously (4) . The qPCRs were performed using JcDNV-specific forward and reverse primers (5=-CGAAAATCCACAGATACAACC AAG-3= and 5=-GGGTTAGTATTAGCATCAGTCGAAAAT-3=, respectively) designed within the VP4 gene and SYBR green dye (Roche) and analyzed on the LightCycler 480 instrument (Roche). The transport efficiency was normalized on the total amount of virus (amount in the HemoL compartment/[amounts in the L ϩ HemoL ϩ midgut compartments]).
Measurement of shunt resistance. Midguts were mounted in Ussing chambers as described above. The transepithelial voltage (V t ) across the tissue was measured continuously using a videographic voltmeter (Camille Bauer AG, Switzerland) connected to the bath solutions via Ag-AgCl voltage electrodes in series with agar bridges (3 M KCl, 5.5% agar). All V t measurements were performed assuming the lumen side as the positive pole. Solutions were also connected to a current pulse generator via electrodes. Variations of V t (⌬V t ) induced by a 1-s current pulse of 714.3 A/cm 2 (I) were recorded, and the transepithelial electrical resistance (R t ) was calculated by the Ohm law ratio ⌬V t /I (⍀ · cm 2 ). In order to operate in experimental conditions in which the main component of the tissue resistance was represented by the paracellular resistance, the shunt resistance (R sh ) (22) , the electrogenic vacuolar-type H ϩ ATPase (H ϩ VATPase) was inactivated by incubating midguts in the absence of K ϩ (21). Dextran and cholera toxin subunit B transport assay. Fluorescent dextran (0.3 g/ml FITC-dextran of 4 or 40 kDa [FD4 and FD40, respectively]; Sigma-Aldrich) and fluorescent cholera toxin subunit B (FITCCTxB, 50 g/ml; Sigma-Aldrich) were added without (control [CTL]) or with JcDNV to the luminal compartments of Ussing chambers as described above. At 10 min p.i., the fluorescence in the luminal and hemolymphatic compartments was measured, and the transport efficiency was given by the ratio HemoL fluorescence/(L ϩ HemoL fluorescence). Measurements were performed with a Tecan Infinite 200 fluorometer (excitation, 494 nm; emission, 520 nm). Midguts incubated with FITC-CTxB were also examined with a confocal microscope to localize the protein within the epithelium.
Immunolabeling and microscopy analysis. Immunolabeling on midgut tissue or midgut cells in culture was performed after in vivo, ex vivo, or in vitro infections. The samples were washed with phosphatebuffered saline (PBS) and fixed for 30 min in 4% paraformaldehyde (10 min for cell cultures) and then processed for immunolabeling as previously described (23) . The primary antibodies used were rabbit JcDNV anticapsid antibody, dilution 1:1,000 (homemade), mouse anti-caveolin-1, dilution 1:200 (24) (Santa Cruz), and rabbit anti-Rab 5 primary, dilution 1:50 (Santa Cruz) antibodies, incubated overnight at 4°C. Secondary antibodies (Alexa Fluor 488 and Alexa Fluor 594; Invitrogen) were used at 1:500 dilutions and incubated for 1 h. The FITC-phalloidin and Hoechst 33342 (Invitrogen) were added to the last wash for 30 and 5 min, respectively. Labeled whole midgut tissues or cultured midgut cells were then mounted in Prolong (Invitrogen) on coverslips for further observations with a Zeiss LSM780 inverted confocal microscope equipped with laser channels (405, 458, 488, 514, and 561 nm) and HeNe (633 nm) using 40ϫ and 63ϫ Plan APO (numerical aperture, 1.3) objectives and filter settings optimized for the dyes. A series of 1-m-thick confocal Z sections was performed. A fluorescence ApoTome microscope was also used (Axiovert 200 M equipped with AXIOcam HRm; Zeiss). Images were run and processed with ImageJ software. Colocalization analyses were performed from 3 z-section images per stack from at least two midguts. We estimated the intensity correlation (Mander's coefficients) using the JACoP plug-in.
Semithin and ultrathin midgut sections. Following oral infection, midguts were dissected and fixed in PBS-4% paraformaldehyde, washed with PBS, and dehydrated with 30 to 100% ethanol before a progressive embedding in 100% Unicryl resin (BB International). Semithin sections (1 m) were further processed for immunolabeling as previously described (23) . Following ex vivo infections, the tissues were removed from the Ussing chambers, fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 h at 4°C, and postfixed in 2% osmium tetroxide for 1 h at room temperature. Midgut samples were then dehydrated in increasing-concentration ethanol baths, embedded overnight in Epon resin, and further polymerized for 2 days at 60°C. Then, ultrathin sections of approximately 100 nm, performed using an LKB Ultrotome III on copper grids, were counterstained with uranyl acetate and lead citrate and examined using a Hitachi H 7100 transmission electron microscope at 80 kV.
RESULTS

JcDNV particles reach the midgut cells within 15 min after ingestion and target columnar cells.
We first wanted to track the fate of the viral particles shortly after the oral infection of the larvae. Following their ingestion with contaminated food, the viral particles move with the ingested diet along the gut lumen, helped by peristaltic movements. The midgut represents about 70% of the total gut length; it fulfils absorptive and digestive functions, and the epithelium is made up of at least four morphological cell types, (i) columnar cells, which are the most abundant, (ii) regenerative (stem) cells, (iii) goblet cells, and (iv) endocrine cells. Based on experience of feeding small second-instar larvae (L2, 4 mm long) with a methylene blue dye followed by transparency, we roughly estimated that about 5 to 30 min was required to fill the midgut lumen with virus-containing ingesta (data not shown). Thus, to track the viral particles once they reach the midgut, we fed L2 larvae with food containing 10 10 viral equivalent genomes (veg) of JcDNV and sacrificed them 15 min after ingestion. Midguts along with the peritrophic membranes and the enclosed intestinal contents were collected for the subsequent analysis of virus localization. Figure 1A shows that JcDNV labeling is detected close to the peritrophic membrane. A faint signal was also observed at the microvillar level of columnar cells, characterized by a well-developed brush border facing the lumen, within cells' cytoplasmic vacuoles and the subepithelial trachea, suggesting a rapid transport across the epithelium (Fig. 1A) . These observations highlight that the viral particles are rapidly concentrated at the peritrophic membrane and are released from there into the ectoperitrophic space shortly after ingestion.
We previously estimated that about 1 in 10 4 virus particles reached the hemolymph after crossing the midgut (2) , suggesting that the number of virus particles that transits across the midgut at a given time is probably small; this limits using in vivo infections to study the entry mechanism. To better clarify the cell type involved in the internalization of the virus particles and to decipher the entry mechanism, we developed alternative strategies using midgut cell culture and the ex vivo midgut epithelium.
We first sought to determine which cell type(s) mediates JcDNV entry. Midgut stem cells from lepidopteran larvae can differentiate in vitro into the different midgut cell types (19, (25) (26) (27) ; the protocol set up by these authors was adapted to Spodoptera frugiperda. Within 2 weeks, the culture was composed of different morphologically identifiable cells (Fig. 1B) : 38.2% Ϯ 3.8% were typical columnar cells, characterized by a well-developed brush border crown, 8.5% Ϯ 0.6% were characteristic pear-shaped goblet cells, 16.0% Ϯ 3.7% were small and round stem cells, and 37.3% Ϯ 4.0% were differentiating cells. The percent values represent the means Ϯ standard errors (SE) of three different determinations and are very similar to those reported for primary cultures prepared from the midgut of another lepidopteran larva (19) . We performed synchronous infections of 2-week-differentiated cell populations, adding JcDNV at 4°C for 1 h to allow virus attachment to the cell surface. The temperature was then shifted to 25°C for 10 and 30 min postinfection (p.i.) to trigger virus entry, after which the cells were fixed and prepared for fluorescence microscopy observation. Labeling was never detected in stem or goblet cells (data not shown). On the contrary, at 10 min p.i. the labeling was rarely intracellular but mostly observed at apical and/or basolateral membranes of columnar cells (Fig. 1C, a) . At 30 min p.i. the labeling was more clearly detected within the cytoplasm of this cell type (Fig. 1C, b) . Interestingly, the intensity of the labeling was correlated with the differentiation state of these cells, stronger in mature, fully polarized cells than in cells at early stages of differentiation, where cells are characterized by small and round shape with microvilli distributed uniformly all over the surface (Fig. 1C,  c) (19, 27) . When infected cells were maintained at 4°C, labeling was no longer observed (data not shown), suggesting that under these conditions attached virus was easily removed by washing, further suggesting a loose attachment to cell surface molecules.
JcDNV is transported rapidly across the midgut epithelium. The use of midgut primary culture allowed us to show that the virus targets only columnar cells. Nevertheless, since midgut cells in culture grow and differentiate in suspension and do not form a monolayered epithelium, they expose both the apical and the basolateral membranes to the incubation solution, which may not reflect exactly the mechanism of infection. For this reason, we developed ex vivo experiments on an isolated midgut epithelium to study the mechanism of infection. The isolated midgut epithelium maintains the tightly organized structure that it has in vivo, and at the same time it represents a simplified system with respect to in vivo infection. This approach is useful to investigate how the virus is transported across the intestinal epithelium without replicating in absorptive cells. At the last larval instar, the caterpillar midgut is large enough to be studied ex vivo using Ussing chambers. Once mounted on this perfusion apparatus, the midgut separates two compartments, the luminal and the hemolymphatic ones. This apparatus has been shown to be a valuable tool to study insect transepithelial transport, including that of JcDNV (4, 28) . The virus was added to the luminal compartment, its transport was quantified by qPCR, and its localization within the epithelium was determined by immunolabeling. Ten minutes after the addition of purified JcDNV (10 10 veg) to the apical side of the midgut, about 10 6 veg were recovered in the hemolymphatic compartment, giving a crossing efficiency at this time of 1:10 4 ( Fig. 2A) . Extending the infection to 30 min, the amount of JcDNV transported across the epithelium slightly increased (about 1 log veg), suggesting that the majority of virus particles cross the epithelium very rapidly.
To determine the virus internalization mechanism, we prepared ultrathin sections at 10 min p.i. and analyzed them by transmission electron microscopy (TEM). Ultrastructure analyses of the virus internalization have been made difficult by the size of the viral particles (similar to ribosomes), and no virus or virus-containing vesicles were observed at this time by this technique, suggesting a discrete and/or rapid uptake in the columnar cells. We thus analyzed virus localization by immunolabeling and confocal analysis. As showed in Fig. 2B , different cellular structures could be observed in one confocal section due to the natural folding of the midgut tissue. Nevertheless at 5 min p.i. the virus labeling was observable in the apical part of the cell, where microvilli are clearly visible, and at 10 min p.i. it was intracellular ( Fig. 2B ; see the supplemental material). Virus labeling was observed as large dots, sometimes organized as ringlike structures (Fig. 2B, a and b) near the cortical actin filaments located under the basolateral membranes. We confirmed the intracellular localization with the Rab 5 antibody (Fig. 2C) , although overlay images showed that colocalization was partial.
These data suggest that, shortly after ingestion, the virus is transported across the midgut epithelium by transcytosis. Viral particles are taken up apically, traffic through the absorptive cells, and are released in the hemolymphatic compartment.
JcDNV affects midgut barrier permeability. During transcytosis, the initial virus endocytosis at the apical membrane of a polarized cell is followed by intracellular trafficking and release by exocytosis at the basolateral membrane. We showed previously that JcDNV entry depends on a yet-unknown midgut-specific receptor(s) (4) . Depending on the distribution of the receptor molecule(s), viral entry might disrupt the cellular junctions, thus opening the paracellular route. To better assess the JcDNV entry mechanism, we first evaluated the ability of the virus to affect paracellular permeability. To evaluate the effect of JcDNV on paracellular permeability, registration of the paracellular electrical resistance, or shunt resistance (R sh ), was performed in midguts mounted in Ussing chambers. Figure 3A shows that shortly after JcDNV addition to the apical compartment a significant decrease of R sh was recorded and that R sh further declined with longer times of exposure. The decrease of R sh indicates an increase of septate junction permeability, so ions move more rapidly through the aqueous channels formed by the intercellular junctions. This result suggests that JcDNV entry within columnar cells affects the gate function of the epithelium. To confirm this evidence and test whether the increased permeability of the paracellular pathway allows the viral particles to cross the midgut through this route, we measured the fluxes of labeled dextrans of different molecular weights. Fluorescent markers of two sizes, 4-kDa and 40-kDa FITC-dextrans (FD4 and FD40, respectively), were added to the luminal compartment in the absence and in the presence of JcDNV, and the fluorescence recovered in the hemolymphatic one was measured as an indicator of paracellular permeability. Following infection, a significant increase of the diffusion of 4-kDa, but not 40-kDa, dextran was observed (Fig. 3B) .
These results show that the interactions of JcDNV with the apical membrane of absorptive cells perturb the gate function of the epithelium. However, taking into account that 40-kDa FITCdextran with an estimated Stokes radius of Ͻ5 nm is excluded from the paracellular route, it is unlikely that the 26-nm viral particles could diffuse through this pathway early in infection.
The transcytosis process of JcDNV across the midgut epithelium. Since the virus was localized within absorptive cells and a direct diffusion of the virus through the paracellular route is unlikely at this time p.i., we focused on the transcytosis process. We studied the three steps of this transcellular transport, which drive the viral particles from the luminal to the hemolymphatic compartment, i.e., endocytosis, intracellular trafficking, and exocytosis.
We showed previously that JcDNV entry depends on a yetunknown midgut-specific receptor (4). We investigated the mechanisms of endocytosis and trafficking in an isolated midgut ex vivo using specific drugs and molecular markers. Regarding the entry process, our previous work shows that JcDNV endocytosis in the permissive lepidopteran Ld652 cells is dynamin and clathrin dependent (23) . Therefore, we first tested the role of dynamin, treating the midgut epithelium with different concentrations of dynasore (DYN), a highly specific inhibitor of dynamin's GTPase activity (29) . Midguts were mounted in Ussing chambers and treated with different concentrations of DYN (80, 400, and 800 M), and virus transepithelial transport was assayed by qPCR. As shown on Fig. 4A , dynasore treatment negatively affected the transport of JcDNV to the hemolymphatic compartment in a dose-dependent manner, suggesting that the viral particle entry process depends on dynamin. We similarly tested the clathrindependent pathway by blocking it with a specific drug, chlorpromazine (CPZ). Midguts were treated with different concentrations of CPZ (100, 200, and 400 M), and virus transport was assayed by qPCR. No effect on the virus transport was observed at any of the concentrations tested, making unlikely a clathrin-dependent entry mechanism (Fig. 4B) .
To further investigate a dynamin-dependent and clathrin-independent endocytic mechanism, we next examined the role of caveola/lipid raft microdomains in virus uptake. We first used a specific drug to disturb the lipid distribution in the midgut cell membrane. Methyl-␤-cyclodextrin (M␤CD) is a specific cholesterol-sequestering drug usually used to disrupt lipid rafts in mammalian cell systems. Cholesterol is a major constituent of eukaryotic cell membranes, and its depletion has been shown to impair the entry of several viruses, including nonenveloped ones (30) . Isolated midguts in Ussing chambers were treated with increasing doses of M␤CD, and JcDNV transepithelial transport after 10 min of incubation was quantified by qPCR as above. Surprisingly, a significant positive effect on the amount of virus transported to the hemolymphatic compartment and also within the epithelium was observed, although this effect was not dose dependent at the concentrations tested (Fig. 4C) . A similar effect was obtained with filipin, another cholesterol-depleting drug (data not shown), suggesting that these drugs might affect nonspecifically the membrane organization under the conditions tested and would not be useful for understanding the uptake mechanism.
To investigate further the role of lipid rafts in JcDNV endocytosis, we took advantage of the conservation of the caveolin-1 protein in Lepidoptera and we used the fluorescent cholera toxin subunit B (FITC-CTxB) as a marker of these microdomains (24, 30) . Our results indicate that, 10 min after its addition to the luminal side of the epithelium, FITC-CTxB colocalized, although partially, with caveolin-1-positive dots, validating both markers for studying this pathway (see Fig. 7B, top) . The addition of JcDNV to the luminal compartment showed that, 10 min after its addition, virus labeling similarly colocalized with caveolin-1, suggesting that JcDNV endocytosis processes through caveola/lipid raft microdomains (Fig. 4D, bottom) .
Last, we investigated the mechanism of virion delivery to the hemolymphatic compartment. Tannic acid (TA) is a cell-impermeable compound that selectively fixes the plasma membrane by cross-linking cell surface carbohydrate groups and inhibits plasma membrane fusion, preventing endocytosis and exocytosis (31, 32) . TA has been shown to block the basolateral exocytosis of AAV-2 when added to the basal side of epithelial cells (6) . We thus tested the ability of TA to block JcDNV transepithelial transport through the larval midgut, treating the apical or basolateral surfaces of the epithelium and measuring the virus accumulation within the cells by qPCR. When TA was added to the luminal compartment of Ussing chambers, complete inhibition of the virus entry was observed and no virus was recovered in the hemolymphatic compartment (data not shown). By contrast, when TA was added to the hemolymphatic compartment, the transepithelial transport of JcDNV added to the luminal one was blocked and the virus accumulated within the epithelium (Fig. 5A ). Immunolabeling and confocal vertical sections showed that JcDNV accumulates in a plane surrounding the cells (Fig. 5B) . These observations suggest that TA blocks exocytosis, causing viral particle accumulation within subcellular compartments; they further show that transcytosis is the mechanism involved in JcDNV transport across the midgut epithelium. It is noteworthy that midgut tissues incubated with JcDNV and TA showed wide intercellular spaces, with septa appearing as "opened zippers" not observed in controls that received only one treatment, either TA or JcDNV (Fig. 5B , compare CTL-TA and JcDNV-TA). The results above show that JcDNV binding to the apical membrane of columnar cells and/or its internalization alters the septate junction; this alteration was visualized by TEM only when TA was added together with the virus, which further suggests that their effects on junction organization are additive. TA blocks the membrane dynamics, which might enhance and/or fix changes in junctional complexes induced by virus internalization. The passage of JcDNV across the epithelium is probably highly dynamic, involving changes in junctional protein localization that may facilitate virus recognition and/or transport. Whether infection affects the fence function (apical polarity) of the epithelium remains to be assessed.
Four mutations on the capsid 5-fold axis send the viral particles to a degradation pathway. We recently showed that a chimeric JcDNV harboring 4 residues of the related Galleria melonella DNV (GmDNV) on raised regions of the 5-fold axis of the capsid specifically affects midgut cell tropism (4, 33) ; this "Gmized" JcDNV has been called 8m-JcDNV, as opposed to the wildtype JcDNV (wt-JcDNV). First, we measured by qPCR the uptake (veg in the midgut) and transepithelial transport (veg in the hemolymphatic compartment) of wt-and 8m-JcDNV. As previously shown (4), a smaller amount of 8m-JcDNV was recovered in the hemolymphatic compartment (Fig. 6A) . Similar amounts of 8m-and wt-JcDNV were recovered within the epithelium, and 8m-JcDNV labeling was observed within the cells (data not shown), suggesting that internalization was not the step limiting infection. Surprisingly, TEM analysis showed that viral particles accumulated within different-size vesicles in the apical cytoplasm, some of the vesicles being very close to the plasma membrane, although no typical features decorate their membrane. The large size of these vesicles (Յ0.2 m) and the large amount of mutant viral particles they contained suggested the uptake of virus clusters, probably by a macropinocytosis mechanism that remains to be clarified (Fig.  6B) . Diverse sizes of vesicles (some of them were fusing) and very large vacuoles were also observed, with degraded material inside containing ghosts of virus-containing vesicles; localized close to endoplasmic reticulum (ER) structures, these vacuoles resemble enlarged cisternae and might reveal an ER stress.
Altogether these results showed that the mutant viral particles are taken up by a different mechanism than that used by wtJcDNV, the subsequent trafficking of mutant virus-containing vesicles is blocked at an early step of internalization. The four residues at the surface of the capsid send the viral particles to a dead end pathway, further implicating elements around the 5-fold axis of symmetry of the capsid in specific receptor recognition at the surface of the midgut cells. Alternatively, virus-specific receptor recognition can occur during vesicular trafficking toward basolateral domains.
Mutant viral particles do not directly affect tissue permeability. Since the results reported above showed that wt-JcDNV disturbs midgut permeability, we analyzed the effects of 8m-JcDNV on this property by measuring the diffusion of the 4-kDa FITC- dextran and we tested as well the passage of the 12-kDa FITCCTxB. An increased diffusion of FD4 was observed following infections with both viruses, although to a lesser extent with 8m-JcDNV (Fig. 7A, left) . Similar results were observed with FITCCTxB; however, this experiment could not discriminate whether infection increased potential toxin transcytosis and/or its paracellular diffusion due to its small size (Fig. 7A, right) . To verify this point, we next assessed the localization of the fluorescent CTxB together with caveolin-1 following infections with the two viruses (Fig. 7B) . When midguts were infected with wt-JcDNV, both caveolin-1 and FITC-CTxB were found within large intracellular dots as in mock-infected cells, while FITC-CTxB was also found surrounding the cells, suggesting its paracellular accumulation following infection (Fig. 7B , CTL and ϩwt-JcDNV panels). By contrast, when midguts were infected with 8m-JcDNV, no fluorescence corresponding to CTxB was found around the cells, only within intracellular dots that appeared larger and brighter than in wt-JcDNV-or mock-infected midguts (Fig. 7B, 8m-JcDNV  panel) . This result suggests that the mutant virus induces the accumulation of the toxin within caveolin-1-containing subcellular structures without significantly affecting the paracellular pathway.
These observations demonstrate that the successful transepithelial transport of viral particles alters the barrier function of the midgut. Four mutations on the 5-fold axis of the capsid further determine virus transcytosis leading to mutant virus elimination and probably triggering cell death as an antiviral response to infection.
DISCUSSION
We analyze the route and the mechanisms by which an insect parvovirus is transported across the intestinal barrier of its caterpillar host, a crucial step in the Densovirus natural biology. We have provided evidence that a successful infection starts with the transcytosis of viral particles across the midgut epithelium altering, as a consequence, the gate functions of the midgut. To our knowledge this study is the first analysis of the mechanism leading to the transepithelial transport of a nonenveloped virus in an insect model.
To decipher the interactions of the viral particles with midgut cells, we developed several complementary approaches. From in vitro studies on midgut cells in culture, we learned that viral particles have a strong specificity, but probably weak interactions with cell surface molecules that are located on both apical and basolateral domains of columnar cells. Such interactions of the viral particles are reminiscent of what is observed in vivo with the peritrophic membrane, which the virus must first bind and then pass through. The labeling of the PM obtained with JcDNV antibody is similar to what has been described with peritrophin and chitin antibodies, suggesting an affinity of the viral capsids for some of the PM proteoglycan components (34) . A lectin-like affinity of the densovirus particles might be important in determining the virus tropism, as already shown for the binding and/or the infectivity of a number of vertebrate parvoviruses, including the transcytosis of adeno-associated viruses, the only parvoviruses shown to transcytose epithelial barriers among this group (7; reviewed in references 35 and 36) .
After binding to cell surface molecules, viral particles are rapidly internalized by dynamin-and caveola-dependent endocytosis; vesicles then traffic in the cytosol and are shuttled toward basolateral membranes to spread infection to subepithelial target tissues. Whether this sequential process is mediated by a single receptor or by multiple receptor molecules that cooperate remains to be determined. However, the internalization of the "Gm-ized" chimeric virus suggests that different molecules probably process the binding and specific recognition of the viral particles. This mutant virus binds the surface of the enterocytes but may be not recognized by a specific receptor. We speculate that its accumulation at the surface of the enterocyte eventually triggers a nonspecific internalization by macropinocytosis. These results highlight the finely regulated specificity of a densovirus infection in a nonconventional insect model. However, we cannot exclude the possibility that multiple pathways can mediate JcDNV entry, as shown previously only for the porcine parvovirus (37) . More molecular markers and an RNA interference approach need to be developed in the future to fully understand the JcDNV entry process in vivo. We cannot exclude the possibility that alternative dynamin-independent entry routes might be used, such as macropinocytosis, a bulk fluid phase endocytic mechanism (37, 38) , and/or pleiomorphic CLIC/GEEC (clathrin-independent carriers/glycosylphosphatidylinositol [GPI]-anchored-protein-enriched endosomal compartment)-mediated entry, as shown for AAV-2 (39). Indeed, viruses are able to take advantage of every available cellular internalization mechanism and frequently use more than one route.
The early steps of viral capsid recognition are crucial for the success of infection: by determining the trafficking pathway, they determine whether the virus escapes or does not escape degradation. The subsequent accumulation of mistargeted viral particles in subcellular compartments probably activates an innate defense mechanism independent of viral genome replication. This mechanism is currently under study, in particular to determine the role of the actin cytoskeleton in the trafficking of virus-containing vesicles. Disrupting the midgut integrity by triggering cell death or sloughing might open gaps through which the virus can directly reach subepithelial tissues, where we showed that it replicates as well as the wild type when the midgut is bypassed (4) . This direct passage of mutant viral particles through breaches opened by cell death might also explain why fluorescence is recovered in the basal side and why high doses of this mutant virus are lethal for larvae, although with a delayed time to death (4).
Our results show that, although disturbed, the gate function of the midgut still remains size selective, but we need to settle whether or not the opening of the paracellular route increases with time in response to virus entry. Such an effect on insect midgut permeability would be of great interest for controlling insect pests, allowing combining, and potentially synergizing, the specificity of an intrahemocoelic delivery with fast-killing molecules, thus improving the relatively long-lasting effect of an entomopathogenic virus.
One intriguing observation is the positive effect of cholesterol depletion on virus transport. Insects are cholesterol auxotrophs, and cholesterol is not the main component of insect cell membranes; some insect cell lines display resistance to cholesterol depletion (40) (41) (42) . Although we cannot exclude a nonspecific effect of the drugs, the caterpillar midgut epithelium might be more sensitive to cholesterol depletion than vertebrate epithelial systems (43) . A few studies demonstrate that cholesterol depletion affects the barrier function in epithelial monolayers although the nature of the association is not clear (44) .
These results highlight the importance of considering the epithelial organization to understand the complexity of the virus vectorial transport process. It will be important to define the epithelial-cell-specific proteins mediating densovirus entry.
We could not titrate the virus hemolymphatic suspension using the quantitative cell culture assay performed in the permissive Ld652 cells, probably due to the low virus concentration recov- ered in the hemolymphatic chamber. However, we observed that the time to death of the Ld652 cells infected with the virus that crossed the midgut was considerably delayed (more than 5 days) compared to that for control infections performed with the same amount of virus from the initial inoculum. The lower infectivity of the transcytosed virions suggests that modifications of the viral particles occur during their transepithelial transport, which might change their tropism; this hypothesis needs to be tested.
JcDNV is a "generalist" capable of infecting several lepidopteran hosts, suggesting that receptor molecules are conserved. To test this point, we performed preliminary experiments on the midguts of four lepidopteran species belonging to different families, challenged ex vivo with wt-or 8m-JcDNV. Similar results were obtained, suggesting that the transcytosis across the midgut epithelium is a conserved mechanism (Y. Wang, unpublished data). The next issue will be to characterize the midgut-specific receptor molecule(s). Interestingly, in the silkworm Bombyx mori, two genes conferring resistance to BmDNV-1 have been identified; one, affecting the early recognition step, is a promising midgut receptor candidate gene that remains to be characterized (45) . Although Jc-and BmDNV-1 differ in their structures, tissue tropisms, and replication strategies, characterizing both entry pathways in the midgut would be of great interest.
